The effects of hydrogen sulfide (H 2 S) on blood-brain barrier (BBB) and brain edema after cardiac arrest (CA) and cardiopulmonary resuscitation (CPR) remain poorly understood. We investigated the effects of exogenous 80-p.p.m. H 2 S gas on BBB, brain water content, neurologic outcome, and survival rate after CA and CPR. Cardiopulmonary resuscitation followed CA induced in rats by ventricular fibrillation for 6 minutes. Results show that inhalation of 80-p.p.m. H 2 S significantly reduced the permeability of the BBB in both in the cortex and hippocampus at 24 hours after resuscitation. Hydrogen sulfide also lessened brain edema in the cortex and hippocampus, ameliorated neurologic outcome as evaluated by neurologic deficit score and tape removal test, and improved the 14-day survival rate. Hydrogen sulfide also attenuated CA and CPR-induced increases of matrix metalloproteinase-9 (MMP-9) activity and vascular endothelial growth factor (VEGF) expression, and increased the expression of angiogenin-1 (Ang-1). These results indicate that inhalation of 80-p.p.m. H 2 S immediately after CPR attenuated BBB permeability and brain edema, and improved neurologic outcome and 14-day survival of rats after CA. The therapeutic benefits of H 2 S could be associated with suppression of MMP-9 and VEGF expression and increased expression of Ang-1.
INTRODUCTION
Poor neurologic outcome after cardiac arrest (CA) and resuscitation is a serious public health problem around the world. Even when return of spontaneous circulation (ROSC) is achieved, more than half of the survivors suffer serious neurologic dysfunction. [1] [2] [3] New therapeutic strategies are needed to improve patient survival and outcomes. Hydrogen sulfide (H 2 S) has been shown to have a variety of protective actions in various models of tissue and organ injury. [4] [5] [6] However, the effect of H 2 S on neurologic outcome after CA and resuscitation, and the underlying mechanism, is not known.
Disruption of the blood-brain barrier (BBB) after ROSC is one of the major factors leading to permanent brain damage. 7, 8 The BBB is a physical and metabolic barrier that maintains a constant environment around the neurons in the brain. Disruption of the BBB leads to extravasation of serum albumin, other macromolecular proteins, and cellular elements into the brain extracellular space, resulting in vasogenic brain edema, neuronal apoptosis, and cell death. 8, 9 Matrix metalloproteinase-9 (MMP-9), 10 vascular endothelial growth factor (VEGF), 11 and angiogenin-1 (Ang-1) 12 play important roles in maintaining the integrity of the BBB. Matrix metalloproteinase-9 promotes BBB damage and brain edema in the early period of cerebral ischemia by degrading the extracellular matrix of cerebral microvessel basal lamina. This matrix consists of collagen IV, laminin, fibronectin, and interendothelial tight junction proteins such as zonula occludens-1. 13, 14 Angiogenin-1 can counteract VEGF-induced vascular permeability by regulating MMP-9 activity. 15 We evaluated the effects of inhalation of H 2 S gas on neurologic outcome after CA and resuscitation, and examined whether its protective effects were associated with permeability of the BBB. We further examined whether changes in MMP-9, VEGF, and Ang-1 levels were associated with these effects.
MATERIALS AND METHODS Animal Surgical Procedures
This study was approved by the Institutional Animal Care and Use Committee of Harbin Medical University, Harbin, Heilongjiang, China, and followed national guidelines (Guidelines on Administration of Laboratory Animals in China and Guidelines on the Humane Treatment of Laboratory Animals in China) for the treatment of animals. Male Sprague-Dawley rats weighing 250 to 300 g were used in this study. Food and water were available ad libitum until morning of the experiment.
Animals were anesthetized with 1% to 2% halothane and 30% oxygen. Ventilation was controlled with a small animal ventilator (Inspira ASV, Harvard Apparatus, MA, USA) to maintain arterial pH at 7.35 to 7.45, PaCO 2 at 35 to -45 mm Hg, and PaO 2 over 90 mm Hg. Pericranial temperature was monitored using thermistor probes (BIOPAC Systems, Santa Barbara, CA, USA) placed adjacent to the skull and maintained at 37°C ± 0.5°C throughout the experiment. A standard lead II electrocardiogram was recorded continuously using subdermal needle electrodes placed in the limbs. The right femoral artery and vein were cannulated using PE-50 catheters (Clay Adams, Parsippany, NJ, USA) for continuous monitoring of blood pressure, measurement of blood gases, infusion of fluid, and drug administration. Physiologic data were monitored and recorded using a BIOPAC MP150 physiometer (BIOPAC Systems).
Cardiac Arrest and Resuscitation
After preparation and subsequent stabilization, ventricular fibrillation was induced using an esophageal electrode (5F, Bard Peripheral Vascular, Tempe, AZ, USA) with a 1-minute pulse of a 12 V, 50 Hz alternating current. If spontaneous defibrillation occurred, additional 20 seconds impulses were delivered. 16 Cardiac arrest was confirmed by an abrupt decrease in mean arterial pressure to o15 mm Hg and absence of ventilation. After 6 minutes of CA, cardiopulmonary resuscitation was implemented by reconnecting the ventilator with FiO 2 = 1.0, administration of epinephrine (0.02 mg/kg) and sodium bicarbonate (1 mEq/kg), and applying sternal compressions at a rate of 200 per minute. After 2 minutes of cardiopulmonary resuscitation, external defibrillation (biphasic, 2 J; HeartStart XL M4735A defibrillator, Philips Medical Systems, Andover, MA, USA) was performed. Cycles of chest compressions for 1 minute followed by defibrillation were repeatedly performed until the ROSC. Achievement of ROSC was confirmed by spontaneous cardiac rhythm in combination with a mean arterial pressure of 50 mm Hg or greater. If cardiopulmonary resuscitation exceeded 10 minutes without ROSC, the cardiopulmonary resuscitation was stopped. Resuscitated rats were randomly assigned to a CA group or a H 2 S group (FiO 2 = 0.5, with or without 80-p.p.m. H 2 S gas for 1 hour using mechanical ventilation). Blood-gas analyses were performed at 15 and 30 minutes after ROSC, and appropriate ventilator adjustments were made. After ROSC for 1 hour, vascular catheters were removed. Surgical wounds were sutured and infiltrated with 0.25% bupivacaine (total 0.5 mg). Rats were then weaned from the ventilator, extubated, and placed in a chamber enriched in 50% oxygen with or without 80-p.p.m. H 2 S for another 1 hour. Animals were then returned to their cages with easily accessible food and water. Sham-treated animals underwent all procedures except ventricular fibrillation, resuscitation, and post-ROSC ventilation.
The whole experiment was divided into two parts. In part 1, BBB permeability evaluation, brain water content measurement, and western blot analyses were performed in rats survived for 24 hours after ROSC in sham, CA, and H 2 S groups. In part 2, 40 resuscitated rats were divided randomly into CA group (n = 20) and H 2 S group (n = 20). Neurologic outcome, survival rate, and neuronal counts were performed in sham, CA, and H 2 S groups. The number of animals and the flow diagram of the experimental groups were shown in Figure 1 .
Evaluation of Blood-Brain Barrier Permeability using Fluorescein Isothiocyanate-Dextran and Evans Blue
Blood-brain barrier permeability was assessed in the brain cortex and hippocampus using fluorescein Isothiocyanate (FITC; Sigma, St Louis, MO, USA)-dextran 17, 18 and Evans blue dye 15 (EB; Sigma) at 24 hours after ROSC. Fluorescein isothiocyanate-dextran (0.5 mL, 30% solution in saline of 4 kDa polymers) or EB (2% solution of 0.96 kDa dye in saline) were administrated intravenously and allowed to circulate for 5 or 30 minutes, respectively. Rats were then administered transcardial saline to remove intravascular dextran or EB. The brains were removed and rinsed with PBS, and two 4mm wide coronal slices (1.8 mm anterior to the bregma to 6.2 mm posterior to the bregma) were made. The cerebral cortex above the rhinal fissure from the first slice and the hippocampus from the second slice were dissected as shown according to previous studies. 19 After weighing, the cortex and hippocampus were homogenized in 50% trichloroacetic acid. Samples were centrifuged at 10,000 g for 20 minutes, the supernatant was collected, and FITC-dextran fluorescence (ng/mL) was measured at 520 nm using 495 nm excitation (Tecan Trading AG, Mannedorf, Switzerland). Total fluorescence of each sample was calculated from concentrations of external standards (100 to 8,000 ng/mL) and presented as percentage of change from the sham group. For the EB measurement, the samples were centrifuged for 30 minutes at 21,000 g. Evans blue per weight of sample was quantified using the absorbance at 620 nm in the supernatant relative to a series of standard EB solution.
Determination of Brain Water Content
Cortical and hippocampal water content was determined 24 hours after ROSC. Brain tissue was immediately divided after decapitation into cortex and hippocampus and weighed to obtain the wet weight. The tissues were slow dried in an oven (105°C) for 72 hours and reweighed to determine the dry weight. Brain water content (%) was calculated as wet weight − dry weight/wet weight × 100%. 20 
Western Blot Analyses
The brain cortex and hippocampus were dissected and immediately frozen in liquid nitrogen and stored at − 80°C for western blot analysis. Protein homogenates of brain samples were prepared by rapid homogenization in Tissue Extraction Reagent II (Invitrogen Corporation, Carlsbad, CA, USA), according to the manufacturer's instructions. Protein concentration was determined using a BCA protein assay kit (Bio-Rad, Hercules, CA, USA). The homogenates were diluted and boiled for 8 minutes in 1:1 sample: loading buffer. Forty micrograms of each sample was added to 10% sodium dodecyl sulfate-polyacrylamide gels, and separated by gel electrophoresis (Mini-Protean III, Bio-Rad, Hercules, CA, USA). The proteins were transferred onto a 0.45-μm polyvinylidene difluoride membrane (Millipore Corporation, Bedford, MA, USA). The membranes were blocked with 5% skimmed milk powder in Tris buffered saline Tween and then incubated overnight at 4°C with anti-VEGF (1:2000; Abcam, Cambridge, MA, USA), anti-Ang-1 (1:500; BIOS, Beijing, China) or antiactin (1:2000; Zhongshan Golden Bridge Biotechnology, Beijing, China). After washing with Tris buffered saline Tween, the membranes were incubated with horseradish peroxidaseconjugated antimouse or antirabbit antibodies (1:3000, Zhongshan Golden Bridge Biotechnology). Bands were detected using the enhanced chemiluminescence detection system (Beyotime, Shanghai, China), and protein band densities were digitally quantified and normalized to β-actin using ImageJ software (National Institutes of Health, Bethesda, MD, USA).
Zymography of Matrix Metalloproteinase-9
Matrix metalloproteinase-9 activities were measured using gelatin zymography as described previously. 21 Samples were electrophoretically resolved on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis containing 0.1% gelatin as a substrate. At the end, the gel was incubated in 2.5% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA) for 1 hour, rinsed in distilled water, and then incubated in an metalloproteinase activation buffer (50-mmol/L Tris-HCl, pH 7.4, containing 5-mmol/L CaCl 2 and 1-μmol/L ZnCl 2 ) for 20 hours at 37°C. The gels were stained in Coomassie blue R-250 (Amresco, Solon, OH, USA) for 40 minutes and then distained with destining solution (10% acetic acid and 40% methnol). The digested regions representing MMP-9 activity, as accessed by running prestained molecular weight markers, were quantified densitometrically using ImageJ software (NIH). The results are expressed as fold changes when compared with sham group.
Assessment of Neurologic Outcome and Survival Rate
Neurologic outcome and survival rate were determined at 1, 3, and 14 days after ROSC in all successfully resuscitated animals. Before the experiment, all animals were familiarized with the neurologic test for three consecutive days and evaluated to ensure normal neurologic function. All evaluations were performed by the same investigator who was masked to treatment.
Neurologic deficit score evaluations were performed using a system including consciousness and breathing, cranial nerves reflexes, motor function, sensory responses, and coordination (0% to 100% scale; 0% = normal, 100% = brain death) described by Neumar et al 22 for this model.
A modified tape removal test described previously was conducted to evaluate sensorimotor integration outcome. 23 Briefly, 10 mm by 12 mm adhesive tapes were affixed to both forepaws. The time to remove both adhesive tapes was recorded. The test was truncated at 180 seconds and all times 4179 seconds were recorded as '180 seconds'.
Neuronal Counts
Fourteen days after ROSC, rats were deeply anesthetized with halothane, perfused through the heart with~200 mL 0.1-mol/L phosphate-buffered saline and perfusion fixed with 4% paraformaldehyde. Brains were removed and fixed in 4% paraformaldehyde before paraffin embedding. Hematoxylin and eosin-stained sections of the hippocampus (corresponding to the bregma − 3.3 cm according to Paxinos and Watson) 24 were examined. Ischemic neurons were recognized by the pyknotic or karyorrhectic nuclei lacking a clear nucleolus. Viable neurons were defined as cells showing a distinct nucleus and nucleolus. One observer masked to the experimental protocol counted the number of normal-appearing pyramidal neurons per high-power field (×400). The number of neurons in the CA1 region of hippocampus was quantitated as the mean number from five sections (5-μm thickness, 80 μm apart) per rat (5 rats in sham group, 10 rats in CA group, and 16 rats in H 2 S group). In each section, the number of neurons was averaged from three random different vision fields in the CA1 region in each hemisphere under microscope (×400). 25 
Statistical Analysis
Data from the tape removal test and neurologic deficit score were presented as the median, 25th, and 75th percentiles and analyzed using the Kruskal-Wallis test. A Mann-Whitney U analysis was performed when the overall P value was significant. Other data were presented as the mean ± s.d. and analyzed using a one-way analysis of variance with Bonferroni correction for post hoc comparison between multiple experimental groups. Kaplan-Meier survival curves were compared using logrank testing. Po0.05 was considered statistically significant. Statistical analyses were performed using Statistical Product and Service Solutions software (Statistical Product and Service Solutions, Chicago, IL, USA).
RESULTS

Hydrogen Sulfide Decreased Blood-Brain Barrier Permeability Evaluated by Fluorescein Isothiocyanate-dextran and Evans Blue
There was a significant increase in cortical permeability to 4 kDa FITC-dextran in the CA group compared with the sham group at 24 hours after ROSC (P o0.05). This increase was significantly attenuated in the H 2 S group (P o0.05) showing that H 2 S inhalation appeared to limit the extent of BBB permeability in the cortex after ROSC. Hippocampal permeability to FITC-dextran in the CA group was also increased at 24 hours compared with the sham group (P o0.05). This decreased was also suppressed in the H 2 S group (P o 0.05), again, showing significant attenuation of BBB permeability by H 2 S (Po 0.05; Figure 2 ). Similar to dextran, EB dye extravasation in the whole brain at 24 hours after ROSC in the CA group was significantly greater than in the sham group (P o0.05) and was diminished relative to the CA group as a result of H 2 S inhalation (P o 0.05).
Hydrogen Sulfide Inhalation Diminished Brain Edema after Cardiac Arrest and Resuscitation
The water content of cortical tissue 24 hours after ROSC was 82.6% ± 0.8% in the CA group and 81.3% ± 0.7% in the H 2 S group (Figure 3 ). These were both significantly higher than the water content of the sham group (79.9% ± 0.5%, both P o 0.05), but H 2 S inhalation had significantly limited the increase in cortical water content compared with levels measured in the CA group (P o 0.05). The water conent of the hippocampus was significantly higher in the CA group than in the sham group 24 hours after ROSC (84.8% ± 0.6% versus 81.7% ± 0.9%, respectively, Po 0.05). Water content of hippocampal tissues within the CA group was also higher than levels seen in the H 2 S group, suggesting H 2 S inhalation significantly suppressed an increase in water content after ROSC (82.5% ± 1.1%, compared with the CA group, Po 0.05).
Hydrogen Sulfide Modulates Vascular Endothelial Growth Factor, Angiogenin-1 Expression, and Matrix Metalloproteinase-9 Activity after ROSC
To elucidate the molecular mechanisms underlying the BBB alterations that occur after CA and resuscitation, we studied VEGF and Ang-1 protein expression, and MMP-9 activity in the brain cortex and hippocampus obtained at 24 hours after ROSC.
As shown in Figure 4A , a significant increase in VEGF protein was detected in the cortex (2.20 ± 0.34-fold of sham, P o 0.05) and hippocampus (2.33 ± 0.52-fold of sham, P o0.05) at 24 hours after ROSC in the CA group when compared with the sham group. Importantly, H 2 S inhalation was associated with significantly lower levels of VEGF protein in the cortex (1.43 ± 0.35-fold of sham, P o0.05) and hippocampus (1.65 ± 0.32-fold of sham, P o 0.05) at 24 hours compared with the CA group. Protein levels of Ang-1 in the cortex (0.45 ± 0.14-fold of sham, Po 0.05) and hippocampus (0.33 ± 0.19-fold of sham, P o 0.05) were decreased at 24 hours after resuscitation (CA group; Figure 4B ). However, resuscitated animals receiving H 2 S inhalation had normal levels of Ang-1 in the cortex (0.76 ± 0.21-fold of sham, P o0.05) and hippocampus (0.76 ± 0.23-fold of sham, P o 0.05) at 24 hours post-ROSC, which remained significantly higher than seen in the CA group. Significant increases in MMP-9 activity were seen in the CA group relative in the cortex (4.08 ± 1.03-fold of sham, P o 0.05) and hippocampus (4.45 ± 1.77-fold of sham, P o 0.05) to the shamtreated animals coinciding with the changes seen in VEGF ( Figure 4C) . Similarly, increased levels of MMP-9 activity were significantly attenuated in the H 2 S inhalation group in both the cortex (2.30 ± 1.39-fold of sham, P o0.05) and hippocampus (2.15 ± 1.63-fold of sham, P o0.05) at 24 hours after ROSC.
Neurologic Deficit Score, Tape Removal Test, and Overall Survival Rate after ROSC As shown in Figure 5A , at 24 hours after ROSC, the neurologic deficit score of the H 2 S group was significantly better than that of the CA group (Po 0.05). All animals in the CA and H 2 S groups showed a clear sensorimotor deficit after ROSC on both testing days compared with sham-treated animals. Similarly, time needed for tape removal was significantly lower in the H 2 S group than in the CA group on day 1 (99 seconds (21 to 180 seconds) versus 143 seconds (98 to 180 seconds), P o 0.05 ), day 3 (61 seconds (17 to 180 seconds) versus 113 seconds (33 to 180 seconds), Po 0.05), and day 14 (30 seconds (23 to 58 seconds) versus 62 seconds (47 to 105 seconds), P o0.05; Figure 5B) .
A significant benefit to survival was found with H 2 S treatment ( Figure 6 ). Ten rats (50% (10 of 20)) in the CA group compared with 16 rats (80% (16 of 20) ) in the H 2 S group survived until day 14 at the end of the experiment (P o0.05). The animals died 3 and 4 days after ROSC could be ascribed to the post-CA syndrome.
Neuronal Counts
Fourteen days after ROSC, neuronal densities in the CA and H 2 S groups were much lower than those of the sham group (Figure 7) . The numbers of viable CA1 region neurons per high-power field (×400) in the CA group (20 ± 6) and H 2 S group (33 ± 8) were significantly lower than those of the sham group, where neuronal death was rarely seen (53 ± 10, both P o0.05). Nuclear pyknosis, karyorrhexis, and vacuolization were seen in the CA and H 2 S groups. However, neuronal density and cell morphologies were more well preserved in the H 2 S group, where the neuron count was significantly higher than that of the CA group (P o 0.05).
DISCUSSION
As the third novel gasotransmitter, H 2 S can permeate cell membranes freely without specific transporters. 26 Hydrogen sulfide has been shown to regulate synaptic activity, decrease protein levels and MMP-9 (C) activities in the cortex and hippocampus at 24 hours after cardiac arrest and resuscitation (n = 5 rats per group). Results are expressed as percentage of the sham group. Representative western blots for VEGF, angiopoietin-1, β-actin, and gelatin zymogram for MMP-9 are shown above the bars. Data are presented as mean ± s.d. Ang-1, angiopoietin-1; CA, cardiac arrest and resuscitation group; H 2 S, H 2 S group; MMP-9 = matrix metalloproteinase-9; sham, sham group; VEGF, vascular endothelial growth factor. *P o0.05 versus sham group. # Po0.05 versus CA group. metabolism, suppress oxidative stress, have antiinflammatory effects, and shown to be neuroprotective in ischemia/reperfusion injury models of the central nervous system. 5, [27] [28] [29] We investigated whether inhalation of H 2 S was protective against CA and resuscitation-induced BBB disruption.
The present study showed that inhalation of 80-p.p.m. H 2 S decreased the permeability during the early period of CA and resuscitation. This beneficial effect was associated with an increased expression of Ang-1 and decreased expression of VEGF and MMP-9 activities. Hydrogen sulfide inhalation also diminished brain edema at 24 hours after ROSC, increased the number of normal neurons, improved the neurologic function, and increased the 14-day survival rate after CA and resuscitation.
Different sizes of molecules have been used to evaluate the magnitude of BBB openings. We assessed BBB permeability by measuring EB and FITC-dextran content in brain tissue. Evans blue binds to albumin and the EB-albumin complex has a net molecular weight of~68 kDa. The extravasation of EB indicates there is passage of large molecular weight proteins through the BBB. The extravasation of FITC-dextran (4 kDa) is indicative of the entry of small molecules, such as solutes and ions. 18, 30 We evaluated BBB disruption in the cortex and hippocampus because neuronal injury is most marked in the cortex and hippocampus after CA. 8 In our CA and resuscitation model, we found permeability of the BBB to low (FITC-dextran) and high (EBalbumin) molecular weight markers at 24 hours after ROSC, similar to other studies. 31, 32 Inhalation of 80-p.p.m. H 2 S decreased FITCdextran and EB penetration, showing that BBB disruption was diminished during the early stages of ROSC. Pluta et al 32 showed that the BBB opened in a biphasic manner in a CA model. The first stage started at the second minute after arrest until 1 hour, while the second phase occurred from the 6th to 24th hour after resuscitation. 33, 34 Our data suggest that H 2 S inhalation decreased the permeability of the BBB after CA and resuscitation.
Previous studies have shown that extravasation of proteins into extracellular spaces is correlated with the development of vasogenic edema, which leads to increased intracranial pressure, decreased brain blood flow and higher mortality. 30, 31 In accordance with these previous studies, severe brain edema was observed in the cortex and hippocampus at 24 hours after ROSC, when the BBB was significantly damaged according to the EB and FITC-dextran studies.
The expression and activity of MMP-9 is a well-established destructive mediator of BBB disruption both in cerebral ischemia and inflammation studies. 29, [35] [36] [37] [38] Studies by Toft-Hansen et al 37 revealed that metalloproteinase enzymes are implicated in leukocyte infiltration in neuroinflammation. Agrawal et al 38 further stated that MMP-9-mediated selective cleavage of β-dystroglycan, which anchors astrocyte endfeet to the astroglial basement membrane, is critical for leukocyte penetration of the parenchymal basement membrane and the damage of BBB. Emerging studies indicate that H 2 S plays an important role in the regulation of MMPs, including MMP-9. It has been shown that decreased generation of H 2 S and increased levels of MMP-9 are associated with pathologic renal remodeling in diabetes. 39 Tyagi et al 21 showed that physiologic levels of H 2 S had a therapeutic effect on hyperhomocysteinemia-induced microvascular permeability by normalizing the MMP/tissue inhibitor of metalloproteinase ratio in the brain. A recent study by Wang et al 36 found that 2-dithiole-3-thione, a H 2 S donor, significantly reduced BBB damage via suppressing ischemia-induced excessive activity of MMP-9 in the brain. This effect was also confirmed in a mice CA model study, in which Kida et al 29 revealed that sodium sulfide, another H 2 S donor, markedly improved the neurologic outcome and survival of by inhibiting MMP-9 expression after CA and resuscitation. Similar to these investigations, we found that H 2 S inhalation decreased postresuscitation MMP-9 levels and BBB damage, suggesting that inhibition of MMP-9 expression or accumulation was at least partially involved in the protective effect of H 2 S.
Several recent researches have suggested that VEGF, Ang-1, and MMP-9 in brain tissue involved in the BBB disruption after cerebral ischemic reperfusion injury. 11, 15, 40 In Pichiule et al's 11 study about VEGF expression in the rat brain after CA and resuscitation, they found that there was a significant increase of VEGF in the cortex and hippocampus, and the increased VEGF expression mostly associated with astrocyte. Using the three-dimensional immunofluorescent analysis technology, Zhang et al 40 revealed that the temporal and spatial coincidence between VEGF and Ang-1 in ischemic brain tissue and the BBB leakage. The upregulation of VEGF and downregulation of Ang-1 in the ischemic brain mediate the BBB leakage. Furthermore, in both brain ischemic in vivo and BBB in vitro models, the VEGF enhances BBB damage and MMP-9 activity. In contrast, Ang-1 leads to a decrease in vascular leakage. 15 These results are consistent with our findings in this study. We found that H 2 S inhalation significantly diminished BBB disruption. This was associated with decreased expression of MMP-9 and VEGF, and increased expression of Ang-1 in the cortex and hippocampus. Taken together, it is likely that the protective effect of H 2 S against CA and resuscitation was through the induction of Ang-1 and inhibition of VEGF-mediated MMP-9dependent BBB leakage. The inhalation of 80-p.p.m. H 2 S in the early CA setting could be used to mitigate BBB disruption and improve neurologic function.
The lack of pharmacological inhibition, knockout, or smallinterfering RNA limits our ability to give a more powerful support to understand the pathway underlying the protective effects of H 2 S. This is a limitation of this study, and we will confirm these pathways and the detailed regulatory mechanisms in the further investigations.
In conclusion, inhalation of 80-p.p.m. H 2 S attenuated BBB permeability and brain edema, and improved neurologic outcome and 14-day survival rate after CA and resuscitation in rats. The therapeutic benefits of H 2 S were associated with decreased MMP-9 and VEGF expression, and increased of angiopoietin-1 expression.
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